INTRODUCTION {#SEC1}
============

Ribosome assembly is an essential cellular process in every organism. The eukaryotic ribosome is composed of a 40S small subunit (SSU) and a 60S large subunit (LSU) and is assembled from four ribosomal RNAs (rRNAs) and ∼80 ribosomal proteins (r-proteins). Extensive studies in the yeast *Saccharomyces cerevisiae* have found ∼200 *trans*-acting proteins and many snoRNAs involved in ribosome assembly. Most of these ribosome assembly factors are conserved in other eukaryotes ([@B1]). These factors transiently associate with ribosomal subunits, forming various pre-ribosomal particles and function in the modification and processing of rRNA, r-protein assembly and structural remodeling and export of pre-ribosomal particles ([@B2]--[@B5]).

Except for 5S rRNA, which is transcribed separately, three of the four rRNAs are transcribed in the nucleolus as a single 35S precursor that additionally encodes external and internal spacer sequences (ETS and ITS). The spacers are removed through a series of nucleolytic cleavage steps in the context of pre-ribosomal particles. The pre-rRNA is co-transcriptionally packed into a large particle, called the 90S pre-ribosome or SSU processome ([@B6]--[@B8]). This particle likely corresponds to the ∼40 nm knob structure at the 5′-terminus of nascent pre-rRNA transcripts ([@B8]). Upon formation of 90S particles, the pre-rRNA is cleaved at the A0 and A1 sites of 5′ ETS and at the A2 site of ITS1. The 90S particle is then converted into a pre-40S particle that contains a 20S pre-rRNA ([@B9]). The pre-40S is exported to the cytoplasm and maturates into the SSU. The 3′ portion of the pre-rRNA encoding LSU rRNAs is packed into pre-60S particles and processed into 5.8S and 25S rRNA.

Biochemical studies have revealed that the 90S particle contains 35S pre-rRNA, U3 snoRNA, r-proteins and ∼50 stably associated assembly factors ([@B6],[@B7],[@B10]). The molecular mass of 90S has been estimated to be 5 MDa, almost four times that of the mature 40S ribosome, making it one of the most complex ribonucleoprotein (RNP) particles in cells. A few stable subcomplexes of 90S assembly factors, including UTPA, UTPB, UTPC and U3 snoRNP, have been purified ([@B6],[@B11],[@B12]). These subcomplexes appear to assemble into 90S as independent modules ([@B13],[@B14]). The structure of 90S is poorly understood at present and is highly challenging to investigate. Structural analysis of its individual components and subcomplexes is an important step to understand this highly complicated RNP structure.

The UTPB complex is made up of six proteins (Utp1/Pwp2, Utp6, Utp12/Dip2, Utp13, Utp18 and Utp21) and has a total molecular mass of 525 kDa ([@B6],[@B11]) (Figure [1A](#F1){ref-type="fig"}). The WD domain is one of the most common domains in eukaryotes and often mediates protein-protein interactions. Utp1, Utp12, Utp13 and Utp21 each consist of tandem WD domains at the N-terminus and 170--260 residues of unknown structure and function at the C-terminus. There is no apparent sequence homology among the C-terminal domains (CTDs) of the four proteins. Utp18 bears a single WD domain preceded by ∼250 residues at the N-terminus. Utp6 is predicted to contain three HAT (half-a-tetratricopeptide) repeats at the middle region ([@B15],[@B16]). The HAT repeats fold into elongated helical structures ([@B17],[@B18]) and likely mediate protein interactions. A short sequence in the Utp21 WD domain has been found to bind the Utp6 HAT domain ([@B15]).

![Domain--domain interaction of UTPB proteins. (**A**) Domain diagrams of UTPB proteins. Utp13, Utp12, Utp1 and Utp21 are composed of tandem WD domains and a C-terminal domain (CTD). Utp18 is composed of an N, M and WD domain. Utp6 is composed of an N, HAT and deviant HAT (dHAT) domain. (**B**) Two-hybrid interactions among UTPB protein fragments. The indicated *Saccharomyces cerevisiae* genes were fused to the activation domain (AD) and GAL4 DNA-binding domain (BD) and co-expressed in the AH109 strain. An interaction was identified as weak, medium or strong when the two-hybrid strain is able to grown on SC medium lacking Leu, Trp and His (low stringency), or the above medium additionally containing 5 mM 3- AT (medium stringency) or lacking Ade (high stringency). Negative interaction indicates no growth on the low stringency medium. FL, full-length. The previously published interactions between Utp21 and Utp18 are included for completeness ([@B22]). (**C** and **D**) Pull-down assay of ctUtp6 and ctUtp18. One protein contained a His-Smt3-tag and was pulled down with Ni Sepharose beads. The tagged proteins were marked with red symbol in C. The input (5%) and bound proteins were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining. The positions of molecular weight markers are indicated on the left.](gkw562fig1){#F1}

UTPB is a critical component of 90S, yet its exact function is not known. Depletion of Utp1 blocks assembly of U3 snoRNA and also abolishes the A0, A1 and A2 cleavage of pre-rRNA ([@B19]). All six UTPB proteins are universally conserved in eukaryotes and some have been associated with human diseases. For example, mutations of the human UTP21 gene are the causative agents of some forms of primary open angle glaucoma ([@B20]) and heterozygous deletion of the UTP6 gene is a candidate modifier of neurofibromatosis type 1 ([@B21]).

The structure of UTPB has been investigated with two-hybrid assays, protein-fragment complementation assays, chemical crosslinking and mass spectrometry (CXMS), *in vitro* reconstitution and crystallography ([@B15],[@B22]--[@B25]). High resolution structures have been determined only for the tandem WD domain of Utp21 ([@B22]). The structural organization of UTPB remains largely unknown. In this study, we present the first structural model of UTPB that integrates results from X-ray crystallography, homology modeling, protein interaction data, chemical crosslinking, molecular docking and electron microscopy (EM).

MATERIALS AND METHODS {#SEC2}
=====================

DNA cloning {#SEC2-1}
-----------

The genes for the UTPB proteins were polymerase chain reaction (PCR) amplified from *S. cerevisiae* and *Chaetomium thermophilum* genomic DNAs. For the *C. thermophilum* genes containing introns, the individual exon sequences were amplified and joined by PCR. The genes were cloned into plasmid pET28a without any tag, a modified pET28a with an N-terminal 6-histidine and Smt3 (His-Smt3) tag or pGEX-6p-1 with an N-terminal GST-tag. All constructs were confirmed by DNA sequencing.

Protein purification {#SEC2-2}
--------------------

The plasmids were transformed into *Escherichia coli* strains BL21(DE3)-RIL unless otherwise stated. After the cells were grown to an A600 of 1.0 at 37°C, the temperature was shifted to 22°C and isopropyl-β-D-thiogalactoside was added to a final concentration of 0.5 mM to induce protein expression. The cells were broken by a high-pressure cell disruptor (JNBIO).

His-Smt3-tagged ctUtp12 748--956 and GST-tagged ctUtp13 738--912 were co-expressed. The cells were harvested and broken in buffer A (25 mM Tris--HCl, pH 8.0, 50 mM imidazole, 500 mM NaCl). After clarification, the supernatant was loaded onto a HisTrap column (GE Healthcare) and the protein was eluted with buffer B (25 mM Tris--HCl, pH 8.0, 300 mM imidazole and 500 mM NaCl). The His-Smt3 tag of ctUtp12 was cleaved with Ulp1 overnight at 4°C. The sample was bound to glutathione Sepharose resin (GE Healthcare) in a PD-20 column (Bio-Rad), followed by washing with buffer A. The GST-tag of ctUtp13 was cleaved on column with PreScission proteinase overnight. The flow through was collected, concentrated and loaded onto a HiLoad 16/60 Superdex 200 column running in buffer C (10 mM Tris--HCl, pH 8.0, 200 mM NaCl). The peak fractions were pooled and concentrated with centrifugal filters.

To assemble and purify the CTD tetramer, untagged ctUtp1 701--849 and untagged ctUtp21 806--1049 were expressed separately in Rosetta(DE3). His-Smt3-tagged ctUtp12 769--931 and GST-tagged ctUtp13 738--889 were co-expressed in BL21(DE3)-RIL. These cells were mixed and disrupted. The CTD tetramer was purified in the same way as the CTD dimer of ctUtp12 and ctUtp13.

His-Smt3-tagged ctUtp6 81--414 was purified with HisTrap chromatography. After removal of the His-Smt3 tag with Ulp1, the protein was purified with gel filtration chromatography.

His-Smt3-tagged ctUtp18 197--618 was purified through HisTrap chromatography. After removal of the His-Smt3 tag with Ulp1, the sample was loaded on a heparin column and eluted with a NaCl gradient. The eluted protein was concentrated and subjected to gel filtration chromatography.

Proteins were labeled with selenomethionine (SeMet) as previously described ([@B22]). All SeMet-labeled proteins were purified similarly to native proteins.

Crystallization {#SEC2-3}
---------------

Crystallization was performed with the vapor diffusion method using sitting drop for screening and hanging drop for optimization at 20°C. Normally, 1 μl of protein solution was mixed with 1 μl of reservoir solution.

Crystals of the complex of ctUtp12 748--956 and ctUtp13 738--912 (25 mg/ml protein in 10 mM Tris--HCl, pH 8.0, 200 mM NaCl) were obtained from the reservoir solution containing 0.1 M Bis--Tris--HCl, pH 6.5, 50% pentaerythritol, 0.35 M ammonium sulfate and 0.2 M sodium thiocyanate and were cryoprotected in the reservoir solution supplemented with 15% (v/v) ethanediol before flash freezing in liquid nitrogen. SeMet-labeled crystals were obtained under the same conditions.

The CTD tetramer complex was composed of ctUtp1 701--849, ctUtp21 806--1049, ctUtp12 769--931 and ctUtp13 738--889. Crystals of the CTD tetramer (11 mg/ml protein in 10 mM Tris--HCl, pH 8.0, 200 mM NaCl) were obtained from the reservoir solution containing 0.1 M HEPES-Na, pH 7.5, 45% w/v poly(acrylic acid sodium salt) 5100, 0.02 M magnesium chloride and 0.01 M spermidine and were cryoprotected in the reservoir solution supplemented with 15% (v/v) ethanediol. SeMet-labeled crystals were grown under the same conditions.

Crystals of ctUtp6 81--414 (20 mg/ml protein in 10 mM Tris--HCl, pH 8.0, 200 mM NaCl) were obtained from the reservoir solution containing 0.1 M HEPES-Na, pH 7.5, 10% 2-proponal, 20% PEG 4000 and 0.05 M sodium fluoride and were cryoprotected in the mother solution supplemented with 15% (v/v) glycerol. SeMet-labeled crystals were obtained under the same conditions.

Crystals of ctUtp18 197--618 (25 mg/ml protein in 10 mM Tris--HCl, pH 8.0, 200 mM NaCl) were obtained from the reservoir solution containing 0.1 M HEPES-Na, pH 7.5, 0.1 M sodium chloride, 1.75 M ammonium sulfate and 0.01 M calcium chloride and were cryoprotected in the mother solution supplemented with 15% (v/v) ethylene glycol. SeMet-labeled crystals were grown under the same conditions.

Structure determination {#SEC2-4}
-----------------------

Diffraction data were collected for the SeMet-labeled crystals at the K-edge wavelength of selenium at beamline BL17U of the Shanghai Synchrotron Radiation Facility (SSRF). The data were processed by the HKL2000 package ([@B26]). The statistics for data processing and refinement are summarized in Supplementary Table S1. All structures were determined with the single-wavelength anomalous dispersion (SAD) method using autosol in PHENIX ([@B27]). Structural models were built in COOT ([@B28]) and refined against the SeMet datasets in PHENIX. Model building was guided by Se atom positions.

In the case of the CTD tetramer structure, the SAD phases were combined with the molecular replacement phases that were obtained using the CTD dimer structure of ctUtp12 and ctUtp13 as a search model. The phase combination significantly improved the electron density map. During model building and refinement, the SAD phases were also iteratively combined with the phases of partial models.

The crystal of the CTD complex of ctUtp12 and ctUtp13 contains two copies of the heterodimer in the asymmetric unit (ASU). One copy contains ctUtp12 residues 771--798, 825--885 and 893--932 and ctUtp13 residues 742--840 and 856--888. The second copy contains ctUtp12 residues 773--817, 825--839, 850--885 and 894--931 and ctUtp13 residues 767--838 and 858--888.

The structure of the CTD tetramer contains ctUtp1 residues 729--841, ctUtp21 residues 923--956 and 965--1046, ctUtp12 residues 769--931 and ctUtp13 residues 744--846 and 855--889. Many terminal residues and two internal loops (ctUtp21 957--964 and ctUtp13 847--854) were not modeled due to poor electron density. In particular, residues 806--922 at the N-terminus of the ctUtp21 CTD were included in crystallization, yet largely missing in the structure. An α-helix likely from this region was modeled as UNK residues.

The crystal of ctUtp6 81--414 contains four molecules in the ASU. The most complete model (chain A) contains residues 86--196 and 237--409. The structure of ctUtp18 197--618 includes ctUtp18 residues 254--458, 463--502 and 524--618, 6 sulfate ions and 97 water molecules.

Rigid body docking with crosslinking distance restrains {#SEC2-5}
-------------------------------------------------------

The scUtp21 WD domain structure was previously determined ([@B22]). The other WD domain structures were built with MODELLER ([@B29]). The structure of the scUtp18 WD domain was modeled on the ctUtp18 WD domain structure. The tandem WD domain structures of scUtp1, scUtp12 and scUtp13 were modeled on the tandem WD domain structure of scUtp21. Multiple sequence alignments were generated with MUSCLE ([@B30]) and manually adjusted.

The molecular docking was conducted in Xplor--NIH following the previously published protocol for docking protein complexes from intermolecular NOE distance restraints ([@B31]). The individual domains were treated as rigid bodies. The energy function contains a square-well quadratic term for inter-Cα distance restraints and a quartic van der Waals repulsion term. The energy term of gyration radius was not used. Distance restrains were set for the Cα atoms of crosslinked residue pairs with a lower bound of 3 Å and a upper bound of 24 Å (Supplementary Table S2). If a crosslinked residue was absent in the structural model, its nearest residue in the primary sequence present in the model was used and the upper bound of the distance restraint was increased by 4 Å per missing residue.

Docking was conducted separately for the scUtp12 and scUtp13 WD domain complex and the scUtp1, scUtp21 and scUtp18 WD domain complex. One hundred starting structures of randomly orientated domains were generated for each of two complexes and subjected to simulated annealing. The Utp12 and Utp13 WD complex was docked with three crosslinking distance restraints, yielding 80 structures of zero energy (no violation). The Utp1, Utp21 and Utp18 WD domain complex was docked with 6 restraints between Utp21 and Utp1 and 3 restraints between Utp21 and Utp18, yielding 91 structures of zero energy.

Yeast two-hybrid assay {#SEC2-6}
----------------------

The two-hybrid assay was conducted using the MATCH MAKER GAL4 two-hybrid system (Clontech) as previously described ([@B22]). The genes of interest were cloned into pGBKT7 and pGADT7 vectors. Two vectors expressing a bait and a prey protein were co-transformed into yeast strain AH109, which contains the HIS3 and ADE2 reporter genes under a GAL4 promoter. The cell was spotted on plates with Synthetic Complete (SC) medium lacking Leu, Trp and His (low stringency), or the above medium that additionally contained 5 mM 3-amino-1,2,4-triazole (3-AT) (medium stringency) or lacked Ade (high stringency). The plates were incubated for 3 days at 30°C and checked for cell growth.

Pull-down assay {#SEC2-7}
---------------

His-Smt3 tagged proteins were purified with HisTrap chromatography. If needed, the His-Smt3 tag was removed by Ulp1 cleavage. The proteins were further purified through ion exchange chromatography. The purified proteins were mixed and bound to Ni Sepharose beads (GE Healthcare). The beads were washed three times with 25 mM Tris--HCl, pH 8.0, 500 mM NaCl and 40 mM imidazole, followed by elution with buffer B. The samples were mixed with an equal volume of 2× sodium dodecyl sulphate loading buffer and boiled at 95°C for 5 min before loading onto sodium dodecyl sulphate-polyacrylamide gel electrophoresis gels. The gel was stained with Coomassie blue.

Electron microscopy {#SEC2-8}
-------------------

The six proteins of UTPB were co-expressed and co-purified from insect cells as previously described ([@B24]). For EM analysis, UTPB was crosslinked with the GraFix method ([@B32]). Briefly, two mother solutions of 10 and 30% glycerol were prepared in buffer 50 mM HEPES-Na, pH 8.0, 100 mM NaCl. The high-density solution contained additional 0.2% glutaraldehyde. Other concentrations of glycerol were formed by mixing the two mother solutions in proper ratios. Ultracentrifugation tubes were iteratively layered with 1 ml of glycerol solution of decreasing concentrations (30, 23.3, 16.7 and 10%) and frozen in liquid nitrogen after addition of every new layer. The tubes were placed at 4°C overnight to allow formation of 10--30% linear gradients. Then, 100 μl of UTPB (∼1 mg/ml) was layered on the gradients and centrifuged for 16 h at 33 000 rpm in a SW60 Ti rotor (Beckman). Fractions of 200 μl were collected manually.

Five microliters of the GraFix purified UTPB sample (0.1--0.3 mg/ml) was applied to freshly glow-discharged, carbon-coated grids and negatively stained with 2% uranyl acetate. EM images were acquired on a Tecai T12 transmission EM (FEI) operated at 120 kV with a nominal magnification of 42,000 and a pixel size of 2.49 Å. Micrographs were recorded on a CCD camera with defocus values of 0.8--2 μm. Then, 5812 particles were picked from 108 micrographs with e2boxer.py and corrected for contrast transfer function in EMAN2 ([@B33]). Reference-free 2D classification was conducted with RELION ([@B34]).

RESULTS {#SEC3}
=======

Domain--domain interactions of UTPB proteins {#SEC3-1}
--------------------------------------------

A two-hybrid interaction network has been derived for six yeast UTPB proteins ([@B15]). However, two-hybrid interactions can be artificial and which domain of each protein mediates the interaction is still mostly unknown. To determine the major interactions that assemble six UTPB proteins into a complex, we assessed two-hybrid interactions for individual domains of yeast UTPB proteins in a non-systemic manner (Figure [1B](#F1){ref-type="fig"}). The two-hybrid strain was grown at three different stringency conditions to assess the strength of the interaction. We also examined many of the detected two-hybrid interactions with *in vitro* pull-down assays using recombinant proteins from *S. cerevisiae* (sc) or *C. thermophilum* (ct) (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"} and data not shown). *C. thermophilum* is a thermophilic yeast that can grow at up to 60°C and its proteins often show favorable properties for biochemical and structural studies ([@B35]). The interaction data from the two organisms, if acquired, are fully consistent with each other.

The two-hybrid interactions that were detected only under the lowest stringency conditions, if analyzed, were not confirmed with pull-down assay, suggesting that they are truly weak or non-specific. In contrast, the two-hybrid interactions detected at medium or strong stringency conditions were largely confirmed. As an exception, we were unable to detect the interaction between Utp21 and the Utp12 WD domain at the protein level. The N-terminal region of Utp6 (residues 1--91 in scUtp6) has been shown to bind Utp18 ([@B15]), but it is unknown which part of Utp18 is involved. We showed that residues 1--112 of ctUtp18 have a strong interaction with residues 1--139 of ctUtp6 (Figure [1C](#F1){ref-type="fig"}).

In summary, our data showed that Utp1, Utp21, Utp12 and Utp13 interact with each other via their CTDs, and that Utp6 and Utp18 associate through their N-terminal regions. In a previous study, we have determined that a region N-terminal to the Utp18 WD domain (residues 100--190 in scUtp18) interacts with the WD domain of Utp21. Thus, we identified the primary interactions at the domain level that link all six UTPB proteins together. Based on the interaction results, we further carried out crystallographic analysis of individual domains and subcomplexes of UTPB using *S. cerevisiae* and *C. thermophilum* proteins.

Structure of the CTD complex {#SEC3-2}
----------------------------

We found that the CTDs of Utp12 and Utp13 formed a complex when they were co-expressed in *E. coli* (Supplementary Figure S1A and C), thus confirming their two-hybrid interaction. We determined the crystal structure of the ctUtp12 and ctUtp13 CTD complex with Se-SAD phasing and refined the structure to 3.7 Å resolution and an R~work~/R~free~ of 0.275/0.299 (Figure [2B](#F2){ref-type="fig"} and Supplementary Table S1). We further found that the CTDs of Utp12, Utp13, Utp1 and Utp21 formed a homogenous complex and co-eluted during gel filtration (Supplementary Figure S1B and D). The size of the complex is about 100 kDa as compared to protein standards, suggesting that the four CTDs form a tetramer. The crystal structure of the four CTDs of *C. thermophilum* proteins was subsequently determined by a combination of Se-SAD phasing and molecular replacement using the dimeric structure of ctUtp12 and ctUtp13 CTDs as a search model. The structure revealed a CTD heterotetramer and was refined to 3.5 Å resolution and an R~work~/R~free~ of 0.256/0.279 (Figure [2A](#F2){ref-type="fig"}). The dimer structure of the ctUtp12 and ctUtp13 CTDs is highly similar to the corresponding part in the heterotetramer structure (rmsd = 1.19 Å for 231 Cα pairs). The N-terminal α1 helix of Utp13 displays different conformations in the two structures, likely due to different crystal packing environments. Interestingly, in crystals of the ctUtp12 and ctUtp13 CTDs, the asymmetric unit contains two dimers that pack against each other as in the heterotetramer structure (Figure [2B](#F2){ref-type="fig"}). The self-association of the Utp12 and Utp13 CTD dimer is likely physiologically irrelevant, because a mixture of the four CTDs of Utp12, Utp13, Utp1 and Utp12 led to a homogenous heterotetramer (Supplementary Figure S1B). Our discussion is focused on the heterotetramer structure.

![Structure of the ctUtp12, ctUtp13, ctUtp21 and ctUtp1 CTDs. (**A**) Ribbon representation of the CTD tetramer structure shown in two orthogonal orientations. Utp21, Utp1, Utp12 and Utp13 are colored green, salmon, cyan and blue, respectively. The N- and C-termini of each domain are labeled. (**B**) Structure of the ctUtp12 and ctUtp13 CTD dimer. Two copies of the dimer in the ASU pack into a tetramer. The dimer on the right has the same orientation as its counterpart in the tetramer structure shown in A. (**C**) Structural alignment of the four CTDs by MatchMaker in Chimera.](gkw562fig2){#F2}

Remarkably, the four CTDs adopt a similar all-α fold composed of seven α-helices (α1--α7). The α5 and α7 helices are connected by a short α6 helix. These α-helices are arranged into a right-handed superhelix or solenoid of 1.75 turns. As a result, the N-terminal α1 helix is nearly perpendicular to the C-terminal α7 helix. The longest α7 helix at the C-terminus projects outward from the structural core and mediates major intermolecular interactions. The CTD structure resembles helical repeat structures adopted by Armadillo and HEAT motifs, but is shorter and less regular in terms of size and orientation of helices.

The four CTD structures superimposed with a root-mean-square deviation (rmsd) of 1--1.3 Å for 50--70 Cα atom pairs (Figure [2C](#F2){ref-type="fig"}). The size of each α-helix is generally conserved among different CTDs, but the α1 helix of Utp12 is much longer than its counterpart in other proteins.

The tetramer can be described as a dimer of dimers. Utp12 and Utp13 associate into one dimer, and Utp1 and Utp21 combine into the other dimer. Due to the pseudo dyad symmetry in each dimer, the complex contains four similar dimer interfaces (Figure [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). In each interface, the C-terminal half of the α7 helix of one subunit packs against a groove formed by the α5 and α7 helices of the other subunit in the dimer. These interfaces are stabilized by many hydrophobic, electrostatic and van der Waals interactions. The four interfaces are organized in a similar way, but differ in specific interactions. This would ensure the association specificity between the four homologous domains.

![Intermolecular interactions in the CTD tetramer. (**A--D**) Four dimer interfaces. The C-terminal region of the α7 helices are shown as Cα trace. The interacting residues are shown as sticks and labeled. Oxygen is colored red, nitrogen is colored blue and carbon is colored by proteins. Potential salt bridge pairs are connected by lines. (**E**) The tetramer interface shown in two orthogonal views.](gkw562fig3){#F3}

The α7 helices of two subunits in each dimer form an anti-parallel coiled-coil. The coiled-coils of two dimers further pack into a four-helix bundle to mediate the tetramer formation (Figure [3E](#F3){ref-type="fig"}). At the tetramer interface, Utp21 primarily contacts Utp13 and Utp1 primarily contacts Utp12. The tetramer interface is stabilized mainly by hydrophobic and van der Waals interactions that involve many aromatic residues. In addition, two salt bridges connect the α7 helices of Utp1 and Utp13. The residues that mediate intermolecular interactions are mostly conserved (Supplementary Figure S2).

Structure of Utp6 {#SEC3-3}
-----------------

Utp6 contains three HAT repeats (residues 86--196 in ctUtp6) at the central region. We crystallized a fragment of ctUtp6 (residues 81--414) including the HAT repeats and the residues to the C-terminus. The structure was determined with Se-SAD phasing and refined to 3.3 Å resolution and an R~work~/R~free~ of 0.205/0.255 (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}; Supplementary Table S1). A HAT repeat folds into two antiparallel helices A and B, which are characterized by specific signature residues ([@B18],[@B36]). The three HAT repeats of Utp6 start with a B helix and fold into 6 α-helices (1B to 3A). These helices pack into a superhelix or solenoid structure that closely resembles other HAT domain structures ([@B17],[@B18]).

![Structure of ctUtp6. (**A** and **B**) Ribbon representation of ctUtp6 structure shown in two orthogonal orientations. The HAT domain is colored magenta and the C-terminal deviant HAT domain is colored lightblue. The helices are labeled and the N- and C-termini are indicated. The dots stand for disordered residues. (**C** and **D**) Conservation surface of the Utp6 structure shown in two opposite views. Residues that are conserved in 100 and 80% of the sequences aligned in Supplementary Figure S3 are colored orange and yellow, respectively. The structures shown in D and B have the same orientation. (**E** and **F**) Charge surface in two opposite views. The surface is colored blue to red for positively to negatively charged region.](gkw562fig4){#F4}

Interestingly, despite lacking the conserved HAT sequence motif, the sequences C-terminal of the HAT repeats also fold into a HAT-like helical structure, called the deviant HAT domain (dHAT). The HAT and dHAT domains each contribute six and seven helices to form an integral superhelix that spans approximately a half circle. The two domains are interrupted by a long loop and a 4B\' helix that bind at the convex surface of the superhelix. The sequences of the dHAT domain are poorly conserved (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}; Supplementary Figure S3) and also functionally dispensable ([@B15]), suggesting that the dHAT domain plays a minor role in Utp6 structure and function.

The G99E mutation of scUtp6 has been shown to inhibit yeast growth and disrupt the interaction with Utp21 ([@B15]). The equivalent A99 residue in ctUtp6 is exposed and situated in a highly conserved region around helix 1B (Figure [4D](#F4){ref-type="fig"}). The conserved region likely constitutes the binding site for Utp21 or RNA as it is highly positively charged (Figure [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}).

Structure of the ctUtp18 WD domain {#SEC3-4}
----------------------------------

The crystal structure of the WD domain of ctUtp18 (residues 254--617) was determined with Se-SAD phasing and refined to an R~work~/R~free~ of 0.195/0.244 at 2.33 Å resolution (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}; Supplementary Table S1). The WD domain adopts a typical seven-bladed β-propeller structure with each propeller composed of four antiparallel β strands. The side surface at blade 6 is highly conserved and probably functions as a binding site for other molecules (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}; Supplementary Figure S4). The top surface is positively charged and likely binds to RNA (Figure [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}).

![Structure of the ctUtp18 WD domain. (**A** and **B**) Ribbon representation of the ctUtp18 WD domain structure. B is a 45° rotation of A along the horizontal axis. Seven blades and the four stands of one blade are labeled and the N- and C-termini are indicated. (**C** and **D**) Conservation surface in two opposite views. Residues that are conserved in 100 and 80% of six sequences aligned in Supplementary Figure S4 are colored orange and yellow, respectively. The structures shown in D and B have the same orientation. (**E** and **F**) Charge surface in two opposite views. The surface is colored blue to red for positively to negatively charged region.](gkw562fig5){#F5}

Docking of WD domains with crosslinking distance restraints {#SEC3-5}
-----------------------------------------------------------

The UTPB complex has been previously analyzed with CXMS and ∼50 intramolecular and 21 intermolecular crosslinks were identified ([@B24]) (Figure [6A](#F6){ref-type="fig"}). The intermolecular crosslinks provide valuable spatial restraints on the structural organization of UTPB. The crosslinks among the four CTDs are fully consistent with the CTD tetramer structure (Figure [6B](#F6){ref-type="fig"}); namely, the inter-Cα distances between the equivalent ct residues of the crosslinked lysine pairs are all \<20 Å (mostly 9--13 Å). This underscores the reliability of the crosslinking data. The other intermolecular crosslinks mainly occur within two groups of WD domains: the WD domains of Utp1, Utp21 and Utp18 and the WD domains of Utp12 and Utp13. We attempted to assemble each of the WD domain groups by rigid body docking of individual domains in the presence of distance restraints for crosslinked residues (see 'Materials and Methods' section). Except for the WD domain of scUtp21, whose crystal structure has been determined ([@B22]), other structures of *S. cerevisiae* WD domains were built with homology modeling. The calculated lowest-energy structure ensembles are shown in Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"} and [a](#F6){ref-type="fig"} representative structure of each complex is shown in Figure [7D](#F7){ref-type="fig"}.

![Assembly of UTPB WD domains with crosslinking distance restrains. (**A**) Intermolecular crosslinks detected by ([@B24]) are shown as connections between the primary structures of UTPB proteins. No intermolecular crosslinks were detected for Utp6. The diagrams of Utp12 and Utp13 are flipped. The detected strong two-hybrid interactions between individual domain are also indicated. (**B**) Crosslinks are mapped to the CTD tetramer structure and shown as Cα--Cα distances. (**C** and **D**) Ensembles of the Utp1, Utp21 and Utp18 WD domain complex (C) and the Utp12 and Utp13 WD domain complex (D). Thirty structures are shown as Cα traces for each complex and aligned to Utp21 or Utp12. The residue pairs with distance restraints are connected with lines.](gkw562fig6){#F6}

![Overall structure of UTPB studied by single-particle EM. (**A**) An SDS-PAGE gel image of purified UTPB complex. The migrating positions of protein markers are shown on the right. (**B**) Electron micrograph of negatively stained UTPB. Scale bar, 50 nm. (**C**) Representative class averages of UTPB. The views of compacted conformations are circled. Scale bar at the bottom-right corner, 25 nm. The dimensions of one elongated class average are labeled with 10 and 30 nm bars. The percentages of total particles used for calculating each class are listed at the bottom. (**D**) Structural model of UTPB. The N-terminal regions of Utp6 and Utp18 with unknown structure are shown as cartoons. The major dimension of individual domains are indicated.](gkw562fig7){#F7}

The results showed that the relative positions of the domains were not well defined by the distance restraints, particularly for the Utp12 and Utp13 WD domain complex. One reason is that the number of available distance restraints was small. Nevertheless, the rough positions of each domain can be determined from such calculation. The WD domains of Utp18 and Utp1 bind to the approximately opposite sides of the WD domain of Utp21. The C-terminal WD domain of Utp12 docks at the junction between the two WD domains of Utp13.

Overall structure of UTPB {#SEC3-6}
-------------------------

We next examined the overall structure of UTPB with single particle negative stain EM (Figure [7A](#F7){ref-type="fig"}--[C](#F7){ref-type="fig"}). The class averages showed that the UTPB complex predominately adopts elongated conformations, with the longest dimension of ∼30 nm and a width of ∼10 nm (Figure [7C](#F7){ref-type="fig"}). As a comparison, a tandem WD domain is about 10 nm long, 5 nm wide and 3 nm thick and the CTD tetramer has dimensions of about 6 × 6 × 3 nm. The extended conformations most probably correspond to the two groups of WD domains placed at the opposite sides of the CTD tetramer (Figure [7D](#F7){ref-type="fig"}). In addition, there are a few compacted views that probably resulted from different conformations of the complex in which the two WD domain groups were folded. The different conformations of UTPB suggest a flexible linker between the tandem WD domain and the CTD in Utp1, Utp21, Utp12 and Utp13.

DISCUSSION {#SEC4}
==========

We analyzed the structure of UTPB, a large component of the 90S pre-ribosome, by using hybrid approaches. By integrating all available structural data we depicted a structural model for UTPB (Figure [7D](#F7){ref-type="fig"}). At the heart of the UTPB structure is the tetrameric complex of the Utp1, Utp21, Utp12 and Utp13 CTDs. Projecting out from the two sides of the CTD tetramer are two arms: one composed of the WD domains of Utp12 and Utp13 and the other composed of the WD domains of Utp1 and Utp21. The latter arm is further enlarged by Utp18, which binds Utp21, and by Utp6, which associates with Utp18 and Utp21. Utp12 and Utp13 have been shown to form a dimer that is dissociable from the remaining part of the UTPB complex ([@B23]), which is consistent with the dimer-of-dimers organization of Utp1, Utp21, Utp12 and Utp13.

The two arms appear to preferentially point to opposite directions, giving rise to predominantly the extended conformations of UTPB seen in EM. Several lines of evidence also suggest that the tandem WD domain is flexibly connected to the CTD in Utp1, Utp21, Utp12 and Utp13. The two kinds of domains are independently folded and have no detectable interaction and few crosslinks between them. In addition, flexible linkers are consistent with the multiple conformations of the complex seen by EM. We were unable to reconstruct a reliable 3D model from EM data probably due to the flexibility of the complex. The structural flexibility may be important to allow UTPB to mediate the dynamic assembly process of 90S.

The CXMS and molecular docking analysis showed that the WD domains of Utp1, Utp12 and Utp18 are close in space and as are the WD domains of Utp12 and Utp13. However, interactions between these isolated WD domains could not be detected with two-hybrid and in vitro binding assays (data not shown), suggesting that their association is weak and dependent on the primary interactions mediated by the nearby CTDs of Utp1, Utp21, Utp12 and Utp13 and the M domain of Utp18.

We have previously shown that Utp18 primarily uses the M domain (residues 100--190 in scUtp18) to associate with the tandem WD domain of Utp21 ([@B22]). Here, we show that Utp6 and Utp18 associate with their N-terminal regions. The structure of these interacting parts, which account for ∼7% of UTPB mass, remains to be determined. The HAT domain of Utp6 has been shown to bind a peptide from the Utp21 WD domain (*K*~d~ = 10 μM) ([@B15]). This interaction was weak in our two-hybrid assay and could not be confirmed by pull-down assay, thus suggesting that it is not the major interaction that recruits Utp6 to UTPB.

Our results reveal that Utp1, Utp21, Utp12 and Utp13 are homologous proteins. They share not only an N-terminal tandem WD domain, but also a structurally similar CTD. The homology of their CTDs is not evident at the sequence level. The genes of the four proteins apparently evolved from duplication of an ancestor gene. All four proteins are essential in yeast, indicating their functions have been specified during evolution. We also showed that the CTD functions as a protein tetramerization domain.

Several lines of evidence support that the CTD tetramer structure is not resulted from crystallographic packing artifacts. First, the crosslinking data of reconstituted UTPB complex provide strong support for the tetrameric organization (Figure [6A](#F6){ref-type="fig"}). Five identified crosslinks between the CTDs of Utp12 and Utp13, one between the CTDs of Utp1 and Utp12 and one between the CTDs of Utp12 and Utp21 are fully consistent with the structure. Second, the gel filtration data show that the CTDs of Utp1, Utp21, Utp12 and Utp13 form a homogenous heterotetrameric complex in solution (Supplementary Figure S1B). The complex has the same degree of oligomerization in solution and crystal. There is little chance that the four proteins would associate differently in solution and crystal. Third, the dimerization mode between Utp12 and Utp13 is conserved in the two different crystals of the Utp12 and Utp13 CTD complex and the four protein CTD complex (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). Finally, this kind of coiled-coil interaction is commonly seen in mediating protein--protein interaction.

Interestingly, despite its large size, the UTPB complex is built up by rather simple all-β or all-α folds. The complex contains a total of nine WD domains that are exclusively composed of β strands. Except for the N-terminal sequences of Utp18 and Utp6, for which we have no structural information, the remaining sequences, including the CTDs of Utp1, Utp21, Utp12 and Utp13 and the HAT and dHAT domains of Utp6, all adopt helical solenoid structures.

The abundant WD domains of UTPB are expected to mediate interactions with proteins within the UTPB complex and in the 90S. Our data showed that, except for the tandem WD domain of Utp21 that is responsible for recruiting Utp18, most of the WD domains play only a minor role in assembling UTPB itself. Alternatively, most of the WD domains likely function to bind external proteins. Unfortunately, few interactions with other proteins have been reported for UTPB proteins in the literature. Recently, a short motif at the N-terminal region of Utp18 has been found to bind Mtr4 that recruits the exosome for degrading the cleaved 5′ ETS product ([@B37]). Although the WD domain is considered as a classical protein-protein interaction domain, it has also been shown to bind RNA. For example, the WD domain of Rrp9/U3-55K recognizes the B/C motif of U3 snoRNA ([@B38]--[@B40]) and the tandem WD domain of Gemin5 directly interacts with snRNA ([@B41]). It cannot be ruled out that some WD domains of UTPB actually bind the pre-rRNA and U3 snoRNA. Identification of the protein and RNA binding targets of UTPB would be important for understanding its function in 90S assembly and pre-rRNA processing.

ACCESSION NUMBERS {#SEC5}
=================

The coordinates and structural factors have been deposited into the Protein Data Bank with accession codes 5IC7 (Utp18), 5IC8 (Utp6), 5IC9 (Utp12/Utp13) and 5ICA (Utp12/Utp13/Utp21/Utp1).
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